Abstract RNAi is conserved and has been studied in a broad cross-section of the fungal kingdom, including Neurospora crassa, Schizosaccharomyces pombe, Cryptococcus neoformans, and Mucor circinelloides. And yet well known species, including the model yeast Saccharomyces cerevisiae and the plant pathogen Ustilago maydis, have lost RNAi, providing insights and opportunities to illuminate benefits conferred both by the presence of RNAi and its loss. Some of the earliest studies of RNAi were conducted in Neurospora, contemporaneously with the elucidation of RNAi in Caenorhabditis elegans. RNAi is a key epigenetic mechanism for maintaining genomic stability and integrity, as well as to defend against viruses, and given its ubiquity was likely present in the last eukaryotic common ancestor. In this review, we describe the diversity of RNAi mechanisms found in the fungi, highlighting recent work in Neurospora, S. pombe, and Cryptococcus. Finally, we consider frequent, independent losses of RNAi in diverse fungal lineages and both review and speculate on evolutionary forces that may drive the losses or result therefrom.
Introduction
RNAi is a robust gene regulatory system that triggers silencing of transcripts via the detection of doublestranded RNA. In its most basic form, RNAi is driven by two canonical components: a double-strand RNA endonuclease (Dicer) and a small RNA-binding protein (Argonaute). Dicer typically acts on dsRNA to produce small RNAs from 20-30 bases in length that are then loaded onto Argonaute and used to identify complementary messages, triggering further degradation of the target message. Argonaute is the catalytic subunit of what is termed the RNA-induced silencing complex (RISC). In addition, there is a third canonical component, the RNA-dependent RNA polymerase that can amplify this signal by generating additional dsRNA to trigger Dicer and Argonaute. In some cases, RdRP can be essential for RNAi as it generates the initial dsRNA from ssRNA templates or targets. RNAi is involved in a broad spectrum of functions, including genome defense against viral or transposon invasion, and also regulates diverse cellular and developmental processes. In this review, we first describe RNAi-dependent silencing mechanisms in fungi. We will then discuss the biological functions of RNAi in the context of loss and retention of the RNAi pathway across the fungal kingdom. Many of the RNAi phenomena identified in fungi are better understood mechanistically than they are in a functional, biological context. By bringing together these two areas, we hope to emphasize some of the hypotheses for the inherent biological functions that RNAi serves in the highly diverse lineages of the fungal kingdom.
Homology-dependent gene silencing
The development of gene transfer methods has allowed transgenic DNA to be integrated into the genome and transmitted as a heritable Mendelian trait in transgenic lines. However, the introduced transgenes are in some case silenced and can also cause silencing of endogenous genes that share sufficient homology. This phenomenon has been termed homology-dependent gene silencing (HDGS), co-suppression, or transgene silencing and has been found in myriad organisms including plants, animals, ciliates, and fungi (Matzke et al. 1989; Jorgensen 1990; Cogoni and Macino 1999a; Hannon 2002; Moazed 2009 ). HDGS usually occurs when multiple copies of particular sequences are present in the genome. Thus, transposable elements, which are repetitive sequences, are also subject to HDGS. One central mechanism involved in HDGS is RNA interference (RNAi) in which small RNAs (∼20 to ∼30 nt) homologous to the repetitive sequences are generated and orchestrate gene silencing posttranscriptionally (Catalanotto et al. 2002; Catalanotto et al. 2004) or transcriptionally (Volpe et al. 2002; Zofall and Grewal 2006; Moazed 2009 ), in a sequence-specific manner.
In fungi, quelling is the best-characterized RNAidependent HDGS process and the first to be discovered (Romano and Macino 1992) . Quelling occurs in the vegetative tissue of the filamentous fungus Neurospora crassa and is mediated by sRNA (Cogoni et al. 1996) . Studies on quelling have uncovered key RNAi components and functions, contributing significantly to advance the RNAi field (Cogoni et al. 1996; Cogoni and Macino 1997; Cogoni and Macino 1999a; Cogoni and Macino 1999c; Dang et al. 2011) . Quelling is a PTGS process that is induced by aberrant RNA (aRNA) and requires the core RNAi components, including Dicer-like proteins, Argonaute, and RdRP (Cogoni and Macino 1999a; Lee et al. 2003; Fulci and Macino 2007) . In quelling, the silenced loci can act in trans, leading to silencing of some or all homologous genes.
The first eukaryotic RNAi component identified was the RNA-dependent RNA polymerase QDE-1, and it is required for quelling (Cogoni and Macino 1999a) . It was identified shortly after the silencing effect of injected dsRNA was found in Caenorhabditis elegans, and the discovery of QDE-1 contributed to elucidate the role of dsRNAs in RNAi (Fire et al. 1998) . The Argonaute protein QDE-2 and the Dicerlike proteins DCL-1 and DCL-2 constitute the main core components of the quelling pathway and are highly conserved among eukaryotes (Catalanotto et al. 2000; Catalanotto et al. 2004) . Interestingly, QDE-3 is a RecQ helicase that usually participates in homologous recombination and DNA repair in N. crassa but also plays an important role in quelling.
QDE-3 may recognize transposable elements or transgenes that contain inverted repeats and recruit QDE-1 to generate aRNA that is then transcribed into dsRNAs. The dsRNA is bound by the dicers DCL-1 and DCL-2 and processed into siRNAs of 20−25 nt that are loaded onto RISC, formed by Argonaute QDE-2 and QIP, a QDE-2-interacting exonuclease (Maiti et al. 2007) .
DNA damage also induces the expression of the quelling Argonaute protein QDE-2 and a novel class of QDE-2-associated sRNAs, designated qiRNAs (Lee et al. 2009 ). These DNA damage-induced sRNAs derive from the highly repetitive sequences of rDNA loci, are shorter in length (∼21 nt) than standard siRNA, and require similar components to quelling (QDE-1, QDE-3, and the Dicers), indicating the two pathways are mechanistically related (Lee et al. 2009 (Lee et al. , 2010a . Moreover, the two pathways share the same initial signal, which is highly repetitive sequences, although for quelling they are exogenous (transposons or viruses) and for qiRNAs they are endogenous (repetitive rDNA). Recent studies showed sRNAs regulate the DNA damage response pathway in rice, and the production of qiRNAs from rDNA loci may be a novel mechanism of DNA repair in plants (Wei et al. 2012; Chen et al. 2013) . DNA damage-induced sRNAs have been detected in flies and mammals, indicating that this mechanism is conserved across eukaryotes (Francia et al. 2012; Michalik et al. 2012) .
DNA damage induces cell-cycle arrest, delays DNA replication, and reduces protein synthesis. The accumulation of qiRNAs indicates that DNA damage may cause stress on DNA replication of repetitive sequences, and it may act as a DNA damage checkpoint control by inhibiting protein synthesis. Recent findings demonstrate that homologous recombination and chromatin remodeling factors, including Rad51, Rad52, and Rad54, are essential for qiRNAs and homologous recombination can distinguish between endogenous and exogenous repetitive sequences and activate DNA damage response sRNAs and quelling, respectively .
Meiotic silencing by unpaired DNA
In addition to quelling, the study of RNAi in N. crassa has revealed surprisingly diverse types of sRNAs with different biogenesis pathways and functions. During sexual development, the presence of unpaired DNA initiates an RNAi-related mechanism termed meiotic silencing by unpaired DNA (MSUD). During the sexual cycle, haploid hyphae of the opposite mating type of N. crassa fuse to produce a transient heterokaryon that, following nuclear fusion to the diploid, undergoes one round of meiosis and one of mitosis to yield eight ascospores. The presence of unpaired DNA in the prophase of meiosis I initiates silencing of the unpaired DNA and also of genes homologous to the unpaired DNA in the diploid ascus, although this silencing is not always completely penetrant (Aramayo and Metzenberg 1996; Shiu et al. 2001) . It is interesting that MSUD triggers silencing of all of the genes homologous with the unpaired DNA, even copies that may be paired, indicating an initial trans-sensing step signals the MSUD pathway (Aramayo and Metzenberg 1996; Shiu et al. 2001) . This signal triggers the production of unpaired-DNA-specific aRNA in the nucleus that is converted to dsRNA by SAD-1, an RdRP, SAD-2, a scaffold protein that localizes and physically interacts with SAD-1 in the perinuclear region, and SAD-3, an RNA/DNA helicase (Shiu et al. 2001; Pratt et al. 2004; Chang et al. 2012; Hammond et al. 2011; Hammond et al. 2013) . dsRNA is cleaved by DCL-1, a Dicer-like protein, and the 20−25 nt sRNAs produced then bind SMS-2, an Argonaute homologue, and QIP, an exonuclease, driving posttranscriptional silencing of the genes homologous to the unpaired DNA (Maine et al. 2005; Turner et al. 2005; Lee et al. 2009; Son et al. 2011) .
One region of the genome that is naturally unpaired is the mating type locus, at which there are two idiomorphic, unrelated sequences, mata and matA. It is not known if MSUD operates at MAT or whether MAT is in some way protected from MSUD action. While heterozygosity at MAT is necessary for progression through the sexual cycle, it is formally possible that the action of both or even either MAT idiomorph is not required for progression through the stage of meiosis at which MSUD acts. Alternatively, the MAT locus may be uniquely marked in some fashion to render it immune, or resistant to MSUD. Studies to address this could examine the expression levels of MAT encoded genes during the sexual cycle in wild type versus MSUD mutant strains, or seek to detect whether sRNA accumulates directed against the MAT locus during crosses.
Interestingly, quelling and MSUD function separately and employ different components, with the exception of DCL-1 and QIP, indicating that quelling and MSUD may have a shared ancestry but have diverged over time (Chang et al. 2012) . Although the silencing pathway of MSUD has been extensively studied, little is known about the trans-sensing mechanism. There is some evidence that DNA methylation and chromatin structure may direct recognition of unpaired DNA during MSUD (Pratt et al. 2004 ). In addition, recent studies identified a novel protein SAD-5 that is essential for MSUD and localizes in the nucleus, indicating a possible role in the initial stages of the pathway (Hammond et al. 2013) . Surprisingly, silencing by unpaired DNA during meiosis has been observed in numerous species, including other fungi, C. elegans, Drosophila melanogaster, and mice, indicating a highly conserved method for genome defense against exogenous DNA (Turner et al. 2005; Maine et al. 2005; Son et al. 2011; Duan et al. 2013) .
Homology-dependent gene silencing can also operate in an RNAi-independent manner. This has most recently been shown in Aspergillus nidulans, where introduction of a transgenic copy of the matA HMG gene causes silencing of the endogenous matA. Unusually, this silencing is highly penetrant and does not rely on the RNAi components, including Argonaute. The silencing is also recessive and fails to spread between nuclei within heterokaryons, unlike canonical silencing (Czaja et al. 2013) . A number of similar RNAi-independent silencing mechanisms likely exist undiscovered in the fungi.
RNAi in Cryptococcus
The genome of the more evolutionarily distant basidiomycete and human fungal pathogen Cryptococcus neoformans also encodes a fully functional RNAi pathway (Loftus et al. 2005) , and introduction of transgene-expressed dsRNA has been used to successfully repress expression of the target genes (Liu et al. 2002; Bose and Doering 2011) . Recently, a quelling like co-suppression phenomenon termed mitotic-induced silencing was discovered that occurs during C. neoformans vegetative mitotic asexual growth (Wang et al. 2012) . During screens to isolate cpa1 single mutant strains following introduction of a cpa1Δ::ADE2 disruption allele, some transformants that had decreased mRNA levels of both the CPA1 and CPA2 genes were obtained. CPA1 and CPA2 are two homologous genes and both encode cyclophilin A, the target of the immunosuppressive antifungal natural product cyclosporine A (CsA). Because both CPA1 and CPA2 are silenced in these transformants, they exhibit a phenotype similar to cpa1 cpa2 double mutants (resistance to CsA). Like quelling, this silencing process is dependent on the RNAi silencing pathway. First, the RNAi components Rdp1, Ago1, and Dcr2 are required for silencing. Second, siRNAs homologous to both CPA1 and CPA2 (by virtue of the high sequence identity it shares with CPA1) were detected in the silenced strains. The silencing efficiency of the CPA1 and CPA2 genes is correlated with the transgene copy number and reached ∼90 % in the presence of a >25-copy repeat transgene, while much lower (0.1 %) or no silencing occurred in transformants containing one or three copies of the transgene.
Sex-induced silencing
A related silencing process operates during the sexual cycle of C. neoformans. This transgene-induced posttranscriptional silencing mechanism is more active than in vegetative mitotic growth, and hence this phenomenon was named sex-induced silencing (SIS) . For example, silencing of a tandem insertion of a triplicated SXI2a-URA5 transgene during a-α opposite-sex reproduction occurs at ∼250-fold higher frequency than in vegetative mitotic asexual growth. Because C. neoformans can produce spores via two distinct mating pathways: a-α opposite sex and α-α unisexual reproduction, a subsequent study tested and demonstrated that SIS is not limited to a-α opposite-sex but also operates during α-α unisexual reproduction ). More importantly, the silencing frequency observed during oppositesex and unisexual reproduction is comparable. Similar to the mitotic-induced co-suppression pathway in C. neoformans, SIS is an RNAi-related process and requires the presence of a multicopy transgene array.
Sequencing of small RNAs in C. neoformans under both mating and vegetative growth conditions revealed that abundant small RNAs map to repetitive transposable elements Dumesic et al. 2013) . In rdp1 mutant strains, siRNAs generated from these repetitive loci were abolished, supporting a role for RNAi in transposon control in C. neoformans. Furthermore, two lines of evidence may explain why C. neoformans evolved a more robust sex-related silencing mechanism . First, transposons and retrotransposons are highly expressed during sexual reproduction of RNAi mutant strains. Second, by employing the FKBP12-encoding gene FRR1 as a transposon trap, a much increased transposition/mutation rate was detected in progeny derived from the rdp1 mutant a-α opposite sex mating and α-α unisexual reproduction than during mitotic growth of the rdp1 mutant . This evidence supports models in which an efficient silencing mechanism is necessary to defend genomic integrity and reduce a potential higher mutational burden during sex. Thus, the robust nature of highly efficient SIS could be one strategy that C. neoformans deploys to squelch the activity of selfish DNA elements during mating and effectively guard the genome integrity of the progeny. Most interestingly, the RNAi machinery components are more abundant during mating or under mating growth conditions, supporting a model in which increased expression of RNAi machinery may function to silence potentially overexpressed transposons during mating ). This increase in abundance does not occur at the transcriptional level of the RNAi components and thus may be attributable to either an RNA operon that enhances their coordinate translation or to regulation of protein localization/stability.
The mechanistic details of the initiation and effectiveness of SIS are not yet understood. A related central question is: How do cells recognize repetitive sequences and produce transgene-specific dsRNA? It was hypothesized in plants that a qualitatively aberrant feature of transgenic DNA or RNA (aDNA or aRNA), can trigger gene silencing (English et al. 1996; Cogoni et al. 1996) . If so, stages of the sexual cycle involving the sequence homology search that mediates meiotic recombination may accelerate the formation of aberrant DNA−RNA hybrids in tandem repeat sequences, possibly producing templates for Rdp1, thus activating silencing in C. neoformans. With regard to quelling in N. crassa, it was proposed that large tandem repeats may produce aberrant DNA (aDNA) secondary structures that are recognized by the recQ DNA helicase Qde3 (Cogoni and Macino 1999c) . Then, by an unknown mechanism, Qde1, which can act as both a DNA-dependent RNA polymerase and as an RNA-dependent RNA polymerase, is recruited to the transgene loci and generates dsRNA using the single-strand repetitive DNA and the first-strand aRNA as the template (Lee et al. 2009 ). Replication protein A, a ssDNA-binding protein complex, has recently been shown to function during the recruiting steps and promotes dsRNA formation (Lee et al. 2010a ). In C. neoformans, two components of the RPA complex, Rpa32 and Rpa70, are also required for transgene silencing (Wang et al. 2012) , suggesting similar initiation steps are involved as in quelling (Cogoni and Macino 1999b) . However, a component in C. neoformans that functions like Qde3 to recognize aDNA/aRNA structures has not yet been identified.
Heterochromatin formation
Heterochromatin formation induced by RNAi has been extensively studied in Schizosaccharomyces pombe over the last decade (Volpe et al. 2002; Chang et al. 2012; Reyes-Turcu and Grewal 2012) . dh and dg repeats are characteristic of the heterochromatin domains at centromeres, subtelomeres, and the MAT locus Volpe et al. 2002) . Transcripts produced by RNA polymerase II carrying these repetitive sequences are substrates for the RNAdependent RNA polymerase complex (RDRC), which includes the RNA-dependent RNA polymerase Rdp1 (Motamedi et al. 2004 ). This enzyme synthesizes the complementary strand to generate dsRNA that is then processed into siRNAs by the Dicer protein Dcr1. The RNA-induced transcriptional silencing (RITS) complex, containing an Argonaute protein (Ago1), binds the siRNA and reinforces the silencing mechanism by facilitating the localization of Rdp1 to the nascent target complementary to the siRNA ). In addition to RDRC, the histone methyltransferase Clr4 (homologue of mammalian SUV39H) is also recruited to the DNA target where it methylates histone 3 at lysine 9 (H3K9me), a landmark feature of heterochromatin (Motamedi et al. 2004; Zhang et al. 2008; Bayne et al. 2010) .
Transient heterochromatin has also been detected over convergent genes during the G1-S phase transition (Gullerova and Proudfoot 2008) . Readthrough transcription that occurs frequently during this phase of the cell cycle generates dsRNA from overlapping transcripts at these loci to activate RNAi. The formation of heterochromatin then promotes the recruitment of cohesin, which blocks transcriptional read-through during G2 (Lengronne et al. 2004; Gullerova and Proudfoot 2008) . This transient heterochromatin is a key regulatory mechanism for RNAi genes themselves, as most feature convergent configuration. Perturbation of this orientation dysregulates their expression and causes aberrant cell morphology (Gullerova et al. 2011) .
RNAi mechanisms operating in S. pombe go beyond the silencing and maintenance of centromeres, telomeres, or convergent genes. In addition, RNAi suppresses the expression of antisense RNAs at euchromatic loci (Gullerova and Proudfoot 2008; Zofall et al. 2009 ), competing with RNA quality control factors such as the exosome, a multi-protein complex involved in RNA degradation (Zhang et al. 2011 ). RNAi components interact, through Clr4 and Mlo3 (an mRNA export protein (Thakurta et al. 2005) ), with the Trf4/Air2/Mtr4 polyadenylylation complex (TRAMP) (Zhang et al. 2011) , an exosome cofactor that stimulates the degradation of aberrant RNA (Houseley et al. 2006; Zhang et al. 2011 ). Mlo3, perhaps in cooperation with TRAMP, could be responsible of driving the RNAs into RNAi or exosome pathways (Zhang et al. 2011) . This collaborative mechanism is conserved in Drosophila and has thus far been implicated in the silencing of sexual differentiation genes, genes encoding transmembrane proteins, and Tf2 retrotransposons, implying that RNAi may serve as an adaptive response mechanism for development and sensing of environmental signals (Yamanaka et al. 2013) .
Interestingly, recent work in Cryptococcus has also begun to forge a link between RNAi and mRNA processing. Delays in splicing trigger RNAidependent degradation of the stalled message via a n u c l e a r R N A i c o m p l e x t e r m e d S C A N R (spliceosome-coupled and nuclear RNAi) (Dumesic et al. 2013 ). This complex contains a canonical RdRP, Argonaute, and QIP in association with the Srr1 splicing component. As with the case of exosome studies in S. pombe, this work is beginning to show a previously unsuspected link between mRNA processing and silencing. This may represent the RNA equivalent of mismatch repair, effectively proofreading transcripts as they are produced and processed. Furthermore, it also represents a mechanism for distinguishing "self" from "non-self." If all native transcripts are selected for efficiently spliced introns, exogenous elements with less optimal, more poorly spliced introns will have a difficult time integrating into the genome and being expressed. miRNAs miRNAs are small endogenous non-coding RNAs derived from precursor transcripts with a hairpin structure. Two different Dicer and dsRNA-binding domain proteins process the precursors, producing 20-24 nt small RNAs that bind to Argonaute and regulate target expression by endonucleolytic cleavage or translational repression of the mRNA (Ghildiyal and Zamore 2009) . miRNAs have been extensively studied in animals, plants, and algae, but fungi were assumed to lack this pathway. However, miRNA-like small RNAs (milRNAs) have been found in N. crassa, and four different classes have been described so far that are distinguished by the mechanism of their biogenesis (Lee et al. 2010b) . Different combinations of RNAi proteins are implicated in the production of the four different milRNAs classes, but none is precisely the same mechanism as for conventional miRNAs. milR-2 is Dicer-independent but QDE-2-dependent; milR-3 and milR-4 are completely or partially dependent on Dicer but not QDE-2; milR-1, the most abundant, is dependent on Dicer, the presence of QDE-2, but not its slicer activity, and the exonuclease QIP (Lee et al. 2010b ). The maturation of milR-1 is also dependent on the RNA exosome (Xue et al. 2012) , which may explain why the QDE-2 nuclease activity is not required. Despite their differences in biogenesis, milRNAs also seem to silence endogenous transcripts with partial complementarity, similar to animal miRNAs (Lee et al. 2010b) .
miRNAs have been also recently described in C. neoformans (Jiang et al. 2012 ). The two miRNA identified, miR1 and miR2, share similarities with conventional miRNAs: 22 and 18-nt long respectively, a promoter of ∼70 nt in size, and a preference for a U at the 5' end of the small RNA. RNAi gene mutations (rdp1, ago1, dcr1, or dcr2) prevent the generation and action of these miRNAs on a reporter gene fused to miR1 or miR2. Also, as their sequences map to transposons and pseudogenes, they may be involved in regulating these elements (Jiang et al. 2012 ).
nat-siRNAs and disiRNAs
Natural antisense transcripts (NATs) are non-coding RNA molecules that share sequence complementarity with genes encoding RNA transcripts. In plants, stress conditions can induce NAT transcription. These anti-sense transcripts then bind the coding transcript to produce dsRNA, which is processed by RNAi to create NAT-derived siRNAs (nat-siRNAs) (Borsani et al. 2005; Katiyar-Agarwal et al. 2006) . Although NATs are widely present in fungi (Ni et al. 2010; Yassour et al. 2010; Donaldson and Saville 2012; Ehrensberger et al. 2013) , NAT-induced RNAi activation has thus far only been observed in convergent gene configurations as described above for S. pombe.
Natural overlapping transcripts in N. crassa can also produce dicer-independent small interfering RNAs (disiRNA). Despite having canonical siRNA characteristics (22 nt long and a 5' uridine bias), biogenesis of disiRNAs is independent of all canonical RNAi components (Dicer, Argonaute, and RNAdependent RNA polymerase) (Lee et al. 2010b) , suggesting an unknown RNAi-independent sRNA production mechanism remains to be discovered.
Other endogenous sRNAs
The first endogenous sRNAs described as regulators of gene expression through RNAi in fungi were the exonic-siRNAs (ex-siRNAs) found in Mucor circinelloides (Nicolas et al. 2010) . A canonical RNAi pathway had been previously studied in this organism as a response to non-integrated transgenes (Nicolas et al. 2003) . Dcl2, Ago1, and RdRP2 are the main proteins implicated in this RNA silencing, and RdRP1 is responsible for dsRNA production from sense transgenes (de Haro et al. 2009; Calo et al. 2012; Cervantes et al. 2013 ). However, ex-siRNAs produced endogenously from exons are generated by four different mechanisms, involving different combinations of RNAi proteins, similar to N. crassa miRNAs (Nicolás et al. 2010) . Classes 1 and 2 have a bias for uracil as the 5' nucleotide and are DCL2-dependent. These two classes differ in their requirement for RdRP1 (class 1) or RdRP2 (class 2). On the other hand, class 3 is dependent on both RdRPs, and the Dicer proteins are redundant for the production of these ex-siRNAs, while class 4 depends on only Dcl1 (Nicolás et al. 2010 ). All four classes are dependent on the Ago1 protein, but only classes 1 and 2 actually bind to it (Cervantes et al. 2013) , indicating that the biogenesis of some of these exsiRNAs may not follow the canonical RNAi pathway.
Similar results have been obtained in the fungi Trichoderma atroviride and Magnaporthe oryzae (Nunes et al. 2011; Carreras-Villasenor et al. 2013 ). In T. atroviride, RNAi has been implicated in the control of development and metabolism based on defects in conidiation or morphological alterations exhibited by RNAi mutants. Transcriptional profiles from dcr mutants corroborated those observations (Carreras-Villasenor et al. 2013 ). In the case of M. oryzae, deep sequencing revealed endogenous sRNAs (esRNAs) derived from protein coding genes, intergenic regions, and repetitive elements (Nunes et al. 2011 ). However, the tissue specialized in plant invasion, the appressorium, showed enrichment in sRNA derived from tRNA. The involvement of RNAi in the production of these sRNAs has not been experimentally proven yet, but it has been proposed to restrict protein translation as a mechanism to direct cellular metabolism and thereby promote infection (Nunes et al. 2011 ). In addition to regulating themselves, pathogenic fungi can utilize RNAi to modulate expression in their hosts. A recent study has shown that Botrytis cinerea produced sRNAs that are then loaded on the Argonaute of the host plant and used to silence components required for host immunity (Weiberg et al. 2013) . Loss of the host Argonaute in turn provides increased resistance to the fungal pathogen.
Conservation of RNAi
RNAi is found in each of the main groups of fungi, including the Ascomycota (Cogoni and Macino 1999a) , Basidiomycota Zygomycota (Nicolas et al. 2003) phyla. In fact, it appears likely that RNAi, at least in a basic form, was found in the last common ancestor to all eukaryotes (Shabalina and Koonin 2008) . However, in addition to the considerable diversity of mechanisms and functions described earlier in this review, there are a number of fungal species that have lost RNAi completely (Fig. 1) . The model yeast Saccharomyces cerevisiae has lost RNAi, although the pathway can be resurrected by introducing the Dicer and Argonaute genes from the closely related ascomycete Saccharomyces castellii (Drinnenberg et al. 2009 ). In addition, the molecular subtype (VGII) of the pathogenic fungus Cryptococcus gattii responsible for an ongoing outbreak in the Pacific Northwest has also lost its RNAi pathway, while the rest of the Cryptococcus species complex has retained RNAi D'Souza et al. 2011) . Notably, the fungi that have lost RNAi have all lost it relatively recently (Drinnenberg et al. 2011) . For example, the RNAi-deficient VGII subtype of C. gattii is estimated to be 12.4 million years diverged from the RNAiproficient VGI subtype (D'Souza et al. 2011) . This raises an important question: Under what conditions is RNAi disadvantageous and dispensable instead of highly important? In the remainder of this review, we will discuss two possible answers, including viral defense and hyper-mutability. It is also possible that RNAi loss is neutral and simply tolerated by the strains that lose it. This seems unlikely, given the number of species that have lost multiple components of the pathway and the degree to which this loss has become fixed in these species. Some selective mechanism seems necessary. Additional hypotheses for RNAi losses are examined in more detail elsewhere (Nicolás et al. 2013 ).
Viral defense
While RNAi is typically considered an asset for defense against viruses, there is at least one exception to this rule in the case of advantageous viruses. Viruses are typically thought of as deleterious for the infected host, but at least, in the case of S. cerevisiae, this is not always true. S. cerevisiae can harbor a double-stranded RNA virus called killer virus (Welsh and Leibowitz 1982) . This element is transmitted either vertically from mother to daughter cell or horizontally by infecting the zygote during mating but typically does not exist outside the host cell as an infectious particle. Killer viruses were described classically in yeast genetics because of a distinct phenotype: Killerpositive strains inhibit the growth of neighboring killer-negative strains and species. This provides a clear growth advantage in a competitive environment. This enhanced competitiveness conferred by killer is inherently incompatible with the presence of an RNAi pathway, and in fact, reintroduction of RNAi results in the silencing of the killer viruses and loss of clearing of unrelated neighbors (Drinnenberg et al. 2011) . The presence of killer-like viruses across the fungal kingdom correlates inversely with the presence of RNAi in four of the nine documented cases, suggesting that this type of advantageous virus may provide at least a partial explanation for loss of RNAi (Drinnenberg et al. 2011 ).
However, viruses are also often bad for fungi. Unlike the beneficial viruses of S. cerevisiae, Cryphonectria parasitica, the causative agent of Chestnut Blight, is plagued by a hypovirus (Choi and Nuss 1992) . When infected with this dsRNA element, C. parasitica is substantially less infectious to chestnut trees, resulting in infections that the plant can resolve on its own, instead of causing substantial damage. Mutation of the RNAi pathway renders C. parasitica substantially less resistant to these hypoviruses (Segers et al. 2007 ). This suggests that viral defense via RNAi may be a balancing act: Fungal lineages that have many successful viral pathogens may benefit by retaining RNAi. In contrast, the presence of an advantageous virus may push the balance towards loss of RNAi. In the short term, this strategy may prove highly advantageous but could also render the organism susceptible to new viruses in the long term, as well as transposons and repetitive sequences. In the case of S. cerevisiae, it has been posited that the balance has swung towards loss of RNAi because of killer viruses, suggesting that the fungi that have lost RNAi may represent an evolutionary bubble waiting to burst (Drinnenberg et al. 2011) .
Mutator states
RNAi, as described above, plays a role in controlling transposable elements in fungi (Moazed 2009; Yamanaka Fig . 1 A phylogeny of selected fungal species, intended to display the broad loss and retention of RNAi components in the fungal kingdom. Species names in red are those that have lost RNAi, while those in black have retained it. In addition, the names of species where RNAi has been more extensively studied are in bold, including the model RNAi loss of S. cerevisiae et al. 2013). Loss of RNAi therefore allows more rampant transposon movement, as has been observed in Cryptococcus (Janbon et al. 2010; Wang et al. 2010; Wang et al. 2013) . Likewise, quelling in N. crassa has been suggested to play a role in transposon control, at least ancestrally (Nolan et al. 2005) , while over time the introduction of repeat-induced point-mutation has rendered the remaining transposons inoperative. Therefore, loss of RNAi could conceivably contribute to a hypermutator phenotype. These phenotypes are often advantageous in organisms attempting to adapt rapidly to a new environment, as typified by the high prevalence of hypermutator Pseudomonas aeruginosa isolates in the lungs of cystic fibrosis patients (Oliver et al. 2000) . This is particularly poignant in the case of VGII C. gattii, which is the subtype responsible for the outbreak in the Pacific Northwest. C. gattii is normally considered a tropical or sub-tropical pathogen, and thus, its spread to the temperate climate of the Pacific Northwest may reflect a certain amount of adaptation. Experiments are currently underway exploring whether the loss of RNAi in the outbreak C. gattii isolates may have contributed to this spread into a new formerly inhospitable environment. As in the case of the viral defense example, mutators tend to be beneficial only in the short term. Bacteria can switch from a stable genome to a mutable one by inducing the SOS response and then return to stability by turning off the SOS pathway (Fijalkowska et al. 1997) . Loss of the genes encoding an entire pathway is essentially irreversible. This could also explain why there are no large groups of fungal species that have lost RNAi. Instead, what is observed is frequent and independent loss of RNAi in diverse fungal species throughout the fungal tree of life.
One other possible source of diversity is the link between RNAi and aneuploidy observed in S. pombe. RNAi dysfunction leads to a higher incidence of chromosome missegregation in S. pombe and this stems from a role of RNAi in proper centromere function (Volpe et al. 2003) . In the context of multicellular eukaryotes, aneuploidy is typically considered maladaptive, but in fungi there are important advantages to aneuploidy in the right environment. In Candida albicans, generation of an aneuploid with an isochromosome containing additional copies of the ERG11 gene can provide protection against azole antifungals (Selmecki et al. 2006) . Similarly, C. neoformans can also acquire drug resistance by becoming disomic for chromosome 1, which contains the C. neoformans ERG11 (Sionov et al. 2010 ). In addition, C. neoformans can generate advantageous de novo phenotypic diversity via generation of aneuploids during opposite-sex or unisexual reproduction (Ni et al. 2013) . It remains to be seen whether RNAi contributes to centromere function in fungi outside of S. pombe, but if so, an increased frequency of aneuploidy is an intriguing possible hypothesis for the loss of RNAi.
The fungal kingdom represents an amazing diversity of RNAi pathways and functions. This makes fungi ideal model systems for elucidating the mechanisms of RNAi present in other eukaryotes. Recent studies in Cryptococcus have revealed a link between intron splicing and RNAi (Dumesic et al. 2013) , while S. pombe has been shown to have a mechanism for selecting between the exosome and RNAi for message degradation (Yamanaka et al. 2013) , either of which may prove to represent general mechanisms for RNAi. Continued work on RNAi in the fungi is essential, not just for delineating mechanisms but also for understanding the basic biological roles of RNAi. This is most clearly illustrated by the frequent losses of RNAi that confer both known and as yet unknown selective benefits involving acquisition of beneficial dsRNA viruses and mechanisms of genome stability and instability.
